An imaginary-time path integral study is presented for spin tunneling in the biaxial antiferromagnetic grain with noncompensated sublattices placed in a magnetic field with an arbitrary direction in the plane of easy and medium axes. Different structures of the tunneling barriers can be generated by the magnitude and the orientation of the magnetic field. By calculating the nonvacuum instantons or bounces, we analytically obtain the dependence of decay rates from excited levels as well as ground-state levels and the temperature of the crossover from the thermal to quantum regime on the direction and strength of the field in a wide range of angles of the applied magnetic field. It is found that the WKB exponent and the crossover temperature strongly depend on the orientation of the field, which can be tested with the use of existing experimental techniques. In the large noncompensation limit, our results reduce to spin tunneling in ferromagnetic particles.
I. INTRODUCTION
Quantum tunneling at mesoscopic or macroscopic scale is one of the most fascinating phenomena in condensed matter physics. During the last decade, the problem of quantum tunneling of magnetization in nanometer-scale magnets has attracted a great deal of theoretical and experimental interest. 1, 2 In addition to the importance of the tunneling phenomena in magnets from a fundamental point of view, they are potentially important for the future magnetic devices working at a nanoscale and the designing of quantum computer. 3 In discussing macroscopic quantum phenomena, it is essential to distinguish between two types of processes: macroscopic quantum coherence ͑MQC, i.e., coherent tunneling͒ and macroscopic quantum tunneling ͑MQT, i.e., incoherent tunneling͒. In the case of MQC, the system performs coherent NH 3 -type oscillations between two degenerate wells separated by a classically impenetrable barrier. The tunneling removes the degeneracy of the original ground states and leads to a level splitting. For the case of MQT, the system escapes from a metastable potential well into a continuum by quantum tunneling, and the tunneling results in an imaginary part of the energy. As emphasized by Leggett, the two phenomena of MQC and MQT are physically very different, particularly from the viewpoint of experimental feasibility. 4 MQC is a far more delicate phenomenon than MQT, as it is much more easily destroyed by an environment, 5 or by very small c-number symmetry breaking fields that spoil the degeneracy. Even though some of the dissipative coupling are an unsuspected effect on the quantum tunneling depending on the situation, it has been reported that they are not strong enough to make the phenomena of MQT and MQC unobservable.
More recently, much attention was attracted to the spin tunneling in the single-domain ferromagnetic ͑FM͒ nanoparticles in the presence of a magnetic field applied at an arbitrary angle. The MQT problem for a uniaxial FM model was first studied by Zaslavskii with the help of mapping the spin system onto a one-dimensional particle system. 6 For the same model, Miguel and Chudnovsky 7 calculated the tunneling rate by applying the imaginary-time path integral, and demonstrated that the angular and field dependences of the tunneling exponent obtained by Zaslavskii's method and by the path-integral method coincide precisely. Kim and Hwang performed a calculation based on the instanton technique for biaxial and tetragonal FM particles. 8 Kim extended the tunneling rate for biaxial FM particles to a finite temperature, and presented the numerical results for the WKB exponent below the crossover temperature and their approximate formulas around the crossover temperature. 9 The quantumclassical transition of the escape rate for uniaxial FM particles in an arbitrarily directed field was studied by Garanin, Hidalgo and Chudnovsky by mapping onto a particle moving in a double-well potential. 10 Wernsdorfer et al. made the switching field measurement on single-domain FM nanoparticles of Barium ferrite ͑BaFeCoTiO͒ containing about 10 5 -10 6 spins. 11 The measured angular dependance of the crossover temperature was found to be in excellent agreement with the theoretical prediction, 7 which strongly suggests the magnetic quantum tunneling in the BaFeCoTiO nanoparticles.
The phenomenon of quantum tunneling was also found in nanaometer-scale antiferromagnetic ͑AFM͒ particles, where the Néel vector is the tunneling entity. [12] [13] [14] [15] [16] [17] [18] [19] It was shown that quantum tunneling shall show up at higher temperatures and higher frequencies in AFM particles than in FM particles of similar size. Moreover, most FM systems are actually ferrimagnetic or AFM particles. All these make nanometer-scale antiferromagnets more interesting from experimental and theoretical aspects. Recently, the temperature dependence of spin tunneling has been studied in the biaxial AFM particles. 20 Up to now theoretical studies on AFM systems have been focused on quantum tunneling at ground-state level. Moreover, most previous works [12] [13] [14] [15] [16] [17] [18] [19] have been confined to the condition that the magnetic field be applied along the easy, medium or hard anisotropy axis, separately. However, the generic quantum tunneling problem, and the easiest to implement in practice, is that of AFM particle in a magnetic field applied at some arbitrary angle H to the anisotropy axis. The problem does not possess any symmetry and for that reason is more difficult mathematically. However, it is worth pursuing because of its significance for experiments. The purpose of this paper is to present an theoretical investigation of the quantum tunneling at excited levels in the biaxial AFM particles with an arbitrarily directed field, based on the spin-coherent-state path-integral method. We will show that MQC and MQT can be consecutively observed by changing the direction of magnetic field, and discuss their dependence on the direction and the magnitude of field. Both the nonvacuum ͑or thermal͒ instanton and bounce solutions, the WKB exponents and the preexponential factors are evaluated exactly for different angle ranges of the magnetic field ͓ H ϭ/2, /2ϩO(ͱ⑀)Ͻ H ϽϪO(ͱ⑀), and H ϭ]. Both variables are expressed as a function of parameters which can be changed experimentally, such as the number of total spins, the effective anisotropy and the exchange interaction constants, and the strength and orientation of applied magnetic field. Our results show that the distinct angular dependence, together with the dependence of the WKB tunneling rate on the strength of the external magnetic field, may provide an independent experimental test for the spin tunneling at excited levels in nanoscale antiferromagnets. The dependence of the crossover temperature T c and the magnetic viscosity ͑which is the inverse of WKB exponent at the quantum-tunneling-dominated regime TӶT c ) on the direction and the magnitude of the field, and the magnetic anisotropies is expected to be observed in future experiments on individual single-domain AFM particles with an arbitrarily directed magnetic field. Furthermore, since the model considered here is a general AFM model with noncompensated sublattices, we can easily obtain the results of spin tunneling in FM particles by taking a relatively large noncompensation of sublattices.
This paper is structured in the following way. In Sec. II, we introduce the general formulation for quantum tunneling in AFM particles based on the two-sublattice model and spin-coherent-state path-integral method. And we discuss the fundamentals concerning the computation of level splittings and tunneling rates of excited states in a double-well-like potential. In Secs. III, we study the spin tunneling at excited levels for biaxial AFM particles in the presence of a magnetic field applied in the ZX plane with a range of angles /2р H р. The conclusions and discussions are presented in Sec. V.
II. PHYSICAL MODEL
The system of interest is an nanometer-scale singledomain AFM particle at a temperature well below its anisotropy gap. According to the two-sublattice model, 12, 13 there is a strong exchange energy m 1 •m 2 / Ќ between two sublattices, where m 1 and m 2 are the magnetization vectors of the two sublattices with large, fixed and unequal magnitudes, and Ќ is the transverse susceptibility. Under the assumption that the exchange energy between two sublattices is much larger than the magnetocrystalline anisotropy energy, the Euclidean action for the AFM particle ͑neglecting dissipation with the environment͒ is expressed in the spin-coherent-state representation [12] [13] [14] [15] 17, 18 
where ␥ is the gyromagnetic ratio, ␣ is the exchange constant ͑which is also referred to as the stiffness constant, or the Bloch wall coefficient 21 ͒, and ϭit is the imaginary-time variable. mϭm 1 Ϫm 2 ϭប␥s/V, where s is the excess spin due to the noncompensation of two sublattices. The E(,) term includes the magnetocrystalline anisotropy and the Zeeman energies. The polar coordinate and the azimuthal coordinate in the spherical coordinate system with l•ẑ ϭcos , l is the Néel vector of unit length and ẑ is a unit vector along the z axis.
As pointed out in Ref. 13 , for a nanometer-scale singledomain AFM particle, the Néel vector may depend on the imaginary time but not on coordinates because the spatial derivatives in Eq. ͑1͒ are suppressed by the strong exchange interaction between two sublattices. So all the calculations performed in the present work are for the homogeneous Néel vector. Therefore, Eq. ͑1͒ reduces to
where V is the volume of the single-domain AFM nanoparticle. The first term in Eq. ͑2͒ is a total imaginary-time derivative, which has no effect on the classical equations of motion, but it is crucial for the spin-phase-interference effects. 5, 13, 14, 17, 18, [22] [23] [24] [25] However, for the closed instanton trajectory described in this paper ͑as shown in the following͒, this time derivative gives a zero contribution to the path integral, and therefore can be omitted.
The transition amplitude from an initial state ͉ i , i ͘ to a final state ͉ f , f ͘ can be expressed as the following imaginary-time path integral in the spin-coherent-state representation
where the Euclidean action S E (,) has been defined in Eq. ͑2͒. In the semiclassical limit, the dominant contribution to the transition amplitude comes from finite action solutions of the classical equations of motion ͑instantons͒. According to the standard instanton technique, the tunneling rate ⌫ for MQT or the tunnel splitting ⌬ for MQC is given by ⌫ ͑or ⌬)ϭAe ϪS cl , 26 where S cl is the WKB exponent or the classical action which minimizes the Euclidean action of Eq. ͑2͒. The preexponential factor A originates from the quantum fluctuations about the classical path, which can be evaluated by expanding the Euclidean action to the second order in small fluctuations. 26, 19 It is noted that the above result is based on tunneling at the ground state, and the temperature dependence of the tunneling frequency ͑i.e., tunneling at excited states͒ is not taken into account. The instanton technique is suitable only for the evaluation of the tunneling rate at the vacuum level, since the usual ͑vacuum͒ instantons satisfy the vacuum boundary conditions. Different types of pseudoparticle configurations were developed which satisfy periodic boundary condition ͑i.e., periodic instantons or nonvacuum instantons͒. 27 For a particle moving in a double-well-like potential U(x), the WKB method gives the tunnel splitting of degenerate excited levels or the imaginary parts of the metastable levels at an energy EϾ0 as 10, 28, 29 ⌬E͑or Im E ͒ϭ ͑E ͒
exp͓ϪS͑E ͔͒, ͑4͒
with the imaginary-time action
where x 1,2 (E) are the turning points for the particle oscillating in the inverted potential ϪU(x). (E)ϭ2/t(E) is the energy-dependent frequency, and t(E) is the period of the real-time oscillation in the potential well U(x),
where x 3,4 (E) are the classical turning points for the particle oscillating inside U(x). The functional-integral in the oneloop approximation, the correct WKB method, and the method of Schödinger equation showed that for the potentials parabolic near the bottom the result Eq. ͑4͒ should be multiplied by ͱ/e͓(2nϩ1) nϩ1/2 /2 n e n n!͔. 27, 29, 30 The splitting of excited state for a generic double-well potential was obtained in Ref. 31 by using the Rayleigh-Schrödinger perturbation expansion of the eignfunctions, which agrees well with the result based on the one-loop path-integral. This correction factor is very close to 1 for all n: 1.075 for nϭ0, 1.028 for nϭ1, 1.017 for nϭ2, etc. Stirling's formula for n! shows that this factor trends to 1 as n→ϱ. Therefore, this correction factor, however, does not change much in front of the exponentially small action term in Eq. ͑4͒ for the spin tunneling problem considered in this work.
III. MQC AND MQT IN BIAXIAL AFM PARTICLES
In this section, we study the quantum tunneling in AFM particle which has the biaxial crystal symmetry, with Ϯẑ being the easy axes in the absence of an external magnetic field. The magnetic field is applied in the ZX plane, at an angle in the range of /2р H р. Then the magnetocrystalline anisotropy energy E(,) can be written as We denote 0 to be the initial angle and c the critical angle at which the energy barrier vanishes when the external magnetic field is close to the critical value H c ( H ) ͑to be calculated in the following͒. Then, 0 satisfies ͓dĒ (, ϭ0)/d͔ ϭ 0 ϭ0, c and H c satisfy both ͓dĒ (,
ϭ0, which leads to
After some algebra, the dimensionless critical field H c ( H ) and the critical angle c are found to be
. ͑12b͒
Now we consider the limiting case that the external magnetic field is slightly lower than the critical field, i.e., ⑀ϭ1 ϪH /H c Ӷ1. At this practically interesting situation, the bar-rier height is low and the width is narrow, and therefore the tunneling rate in MQT or the tunnel splitting in MQC is large. Introducing ϵ c Ϫ 0 (͉͉Ӷ1 in the limit of ⑀ Ӷ1), expanding ͓dĒ (,ϭ0)/d͔ ϭ 0 ϭ0 about c , and using the relations ͓dĒ (,ϭ0)/d͔ ϭ c ,H ϭH c ϭ0 and
Simple calculations show that is of the order of ͱ⑀. where ␦ϵϪ 0 (͉␦͉Ӷ1 in the limit of ⑀Ӷ1), and Ē 1 (␦) is a function of only ␦ given by
͑15͒
In the following, we will study the quantum tunneling at excited levels in biaxial AFM particles at three different angle ranges of the external magnetic field as H ϭ/2, /2ϩO(ͱ⑀)Ͻ H ϽϪO(ͱ⑀), and H ϭ, respectively.
A. H ÄÕ2
For H ϭ/2, we have c ϭ/2 from Eq. ͑12b͒ and ϭͱ2⑀ from Eq. ͑13͒. Equations ͑14͒ and ͑15͒ show that is very small for the full range of angles /2р H р for AFM particles with biaxial crystal symmetry. Performing the Gaussian integration over , we can map the spin system onto a particle moving problem in the one-dimensional potential well. Now the imaginary-time transition amplitude Eq. ͑3͒ becomes
with the effective mass
and the effective potential
The problem is one of MQC ͑as shown in Fig. 1͒ , where the Néel vector resonates coherently between the energetically degenerate easy directions at ␦ϭ0 and ␦ϭ2ͱ2⑀ separated by a classically impenetrable barrier at ␦ϭͱ2⑀. The nonvacuum ͑or thermal͒ instanton configuration ␦ p which minimizes the Euclidean action in Eq. ͑16͒ satisfies the equation of motion
where EϾ0 is a constant of integration, which can be viewed as the classical energy of the pseudoparticle configuration. Then the kink-solution is found to be
where ␣ϭ2ͱបE/K 1 V and sn ( 1 ,k) is the Jacobian elliptic sine function of modulus k 1 ϭͱ(2⑀Ϫ␣)/(2⑀ϩ␣). The Euclidean action of the nonvacuum instanton configuration Eq. ͑19͒ over the domain (Ϫ␤,␤) is found to be
with
where
and E(k 1 ) are the complete elliptic integral of the first and second kind, respectively. The general formula Eq. ͑4͒ gives the tunnel splittings of excited levels as
where W is shown in Eq. ͑20b͒. Now we discuss the low energy limit where E is much less than the barrier height. In this case,
, so we can perform the expansions of K(k 1 ) and E(k 1 )
in Eq. ͑20b͒ to include terms such as k 1 Ј 4 and k 1 Ј 4 ln(4/k 1 Ј),
With the help of small oscillator approximation for energy near the bottom of the potential well E n ϭ(nϩ1/2)⍀ 1
Eq. ͑20b͒ is expanded as
Then the low-lying energy shift of nth excited states for biaxial AFM particles in the presence of a magnetic field applied perpendicular to the anisotropy axis ( H ϭ/2) as
exp͑ϪW 0 ͒.
͑24͒
Comparing with the formula ͑290͒ of Ref. 31 by taking the effective mass and effective potential shown in Eq. ͑17͒, Eqs. ͑23b͒ and ͑24͒ give the same result for the WKB exponent, while the preexponential factor differs by a factor of 2 2n . Since the level splitting Eq. ͑24͒ is derived with the lowenergy expansion up to the lowest nonzero order of Eq. ͑22͒, one can expert agreement only for the ground-state level. At high energies the formula ͑21͒ applies. It is noted that the purpose of this paper is to study the AFM spin tunneling as a function of strength and orientation of the applied magnetic field, which is largely determined by the exponential term of the tunnel splitting, this correction preexponential factor does not change much of the whole physics of spin quantum tunneling. And in most physical applications, this prefactor is best estimated as an ''attempt frequency.'' For the case of large noncompensation (mӷͱ Ќ K 1 ), Eq. ͑24͒ reduces to the result for quantum tunneling in biaxial FM particles
and SЈ is the total spin of FM particles. ប⌬E 0 FM is the tunnel splitting of ground-state level for FM particles . ͑26b͒
The WKB exponent in the tunnel splitting, W 0 FM for H ϭ/2, fully agrees with the result of ground-state tunneling in biaxial FM particles. 8 It is noted that we have extended the results in Ref. 8 to spin tunneling at ground state as well as low-lying excited state in a general AFM system with uncompensated moments in an arbitrarily directed magnetic field.
For the case of small noncompensation (mӶͱ Ќ K 1 ), Eq. ͑24͒ reduces to the result of AFM spin tunneling
Note that Ќ ϭm 1 2 /J and m 1 ϭប␥S/V, where J is the exchange interaction between two sublattices and S is the sublattice spin.
12-14 ប⌬E 0 AFM is the ground-state tunnel splitting of AFM particles
. ͑28b͒
B. Õ2¿O"ͱ⑀…Ë H ËÀO"ͱ⑀…
For /2ϩO(ͱ⑀)Ͻ H ϽϪO(ͱ⑀), the critical angle c is in the range of O(ͱ⑀)Ͻ c Ͻ/2ϪO(ͱ⑀), and Ϸͱ2⑀/3. Now the problem can be mapped onto a problem of one-dimensional motion by integrating out , and for this case the effective mass M and the effective potential U(␦) in the Euclidean action of Eq. ͑16͒ are found to be
where qϭ3␦/2ͱ6⑀, and U 0 ϭ(2
The problem becomes one of MQT ͑as shown in Fig. 2͒ , where the Néel vector escapes from the metastable state at ␦ϭ0, ϭ0 through the barrier by quantum tunneling.
Now the nonvacuum bounce configuration with an energy EϾ0 is found to be 
a(E)Ͼb(E)Ͼc(E) denote three roots of the cubic equation
is the Jacobian elliptic sine function of modulus k 2 ϭͱ(aϪb)/(aϪc). The classical action of the nonvacuum bounce configuration Eq. ͑30a͒ is 
Then the general formula Eq. ͑4͒ gives the imaginary parts of the metastable energy levels as 
Here we discuss the low energy limit of the imaginary part of the metastable energy levels. For this case, E n ϭ(n ϩ1/2)⍀ 2 , 
ϫͱsin 2 c ͩ 1ϩ
The imaginary part of n-the excited level is found to be
For the case of large noncompensation (mӷͱ Ќ K 1 ), Eq. ͑35͒ reduces to the result for quantum tunneling in FM particles
and SЈ is the total spin of FM particles. Im E 0 FM is the imaginary part of ground-state level for FM particles
The WKB exponent in the imaginary part of ground-state level, W 0 FM for /2ϩO(ͱ⑀)Ͻ H ϽϪO(ͱ⑀), fully agrees with the result of the ground-state spin tunneling in biaxial FM particles. 8 For the case of small noncompensation (mӶͱ Ќ K 1 ), Eq. ͑35͒ reduces to the result of AFM spin tunneling
ប Im E 0 AFM is the imaginary part of the ground-state level for AFM particles
where 
and S is the sublattice spin of AFM particles. At finite temperature T the decay rate ⌫ϭ2 Im E can be easily found by averaging over the Boltzmann distribution
where Z 0 ϭ ͚ n exp(ϪបE n AFM ␤) is the partition function with the harmonic oscillator approximated eigenvalues E n AFM ϭ(nϩ1/2)⍀ 2 . Then the decay rate at a finite temperature T is found to be
where Im E 0 AFM and q 2 AFM are shown in Eqs. ͑38b͒ and ͑39a͒. In Fig. 3 we plot the temperature dependence of the tunneling rate for the typical values of parameters for nanometer-scale single-domain antiferromagnets Sϭ10 4 , ⑀ ϭ1ϪH /H c ϭ5ϫ10 Ϫ3 , K 1 ϭ10 7 erg/cm 3 , Jϭ10 10 erg/cm 3 , and H ϭ3/4. From Fig. 3 one can easily see the crossover from purely quantum tunneling to thermally assisted quantum tunneling. The temperature T c characterizing the crossover from quantum to thermal regimes can be estimated as k B T c ϭ⌬U/W 0 , where ⌬U is the barrier height, and W 0 is the WKB exponent of the ground-state tunneling. For this case, one can easily show that the height of barrier is
, and then the crossover temperature is
In Fig. 4 , we plot the H dependence of the crossover temperature T c for AFM particles in magnetic field with a wide range of angles /2Ͻ H Ͻ. Figure 4 shows that the maximal value of T c is about 6.94 K at H ϭ2.35, which is one or two orders of magnitude higher than that for ferromagnets with a similar size. 7, 8 Note that, even for ⑀ as small as 10 Ϫ3 , the angle corresponding to an appreciable change of the orientation of the Néel vector by quantum tunneling is ␦ 2 ϭͱ6⑀ radϾ4°. The maximal value of T c as well as ⌫ is expected to be observed in experiment.
C. H Ä
In case of H ϭ, we have c ϭ0 and ϭ0. Working out the integration over , the spin tunneling problem is mapped onto the problem of a particle with effective mass
Ϫ␦
4 /4). Now the problem is one of MQT ͑as shown in Fig.  5͒ , and the nonvacuum bounce at a given energy EϾ0 is found to be
The classical action of the nonvacuum bounce Eq. ͑42b͒ is
where k 3 Ј 2 ϭ1Ϫk 3 2 . Then the imaginary parts of the metastable energy levels are Im Eϭ 3 4K͑k 3 Ј͒
exp͑ϪW͒. ͑44͒
Now we consider the low energy limit of the imaginary part of the metastable energy level. For this case, E n ϭ(n ϩ1/2)⍀ 3 ,
and
In the case of large non-compensation (mӷͱ Ќ K 1 ), Eq. ͑45c͒ reduces to the result for quantum tunneling in FM particles
ប⌬E 0 FM is the imaginary part of ground-state level for FM particles
and SЈ is the total spin of FM particles. The WKB exponent in the imaginary part of ground-state level, W 0 FM for H ϭ, fully agrees with the result of the ground-state spin tunneling in biaxial FM particles. 8 For the case of small noncompensation (mӶͱ Ќ K 1 ), Eq. ͑45c͒ reduces to the result of AFM spin tunneling
ប Im E 0 AFM is the imaginary part of the ground state for AFM particles,
and S is the sublattice spin of AFM particles. And the final result of the decay rate at finite temperature T is found to be
The temperature dependence of the decay rate is shown in Fig. 6 . For this case, the position of the energy barrier is ␦ b ϭͱ2⑀, the height of barrier is ប⌬Uϭ(
IV. CONCLUSIONS
In summary we have investigated the quantum tunneling between excited levels in a general AFM model with noncompensated sublattices in the presence of an external magnetic field at arbitrarily directed angle. By calculating the nonvacuum instantons exactly in the spin-coherent-state path-integral representation, we obtain the analytic formulas for the tunnel splitting between degenerate excited levels in MQC and the imaginary parts of the metastable energy levels in MQT of the Néel vector in the low barrier limit for the external magnetic field perpendicular to the easy axis ( H ϭ/2), for the field antiparallel to the initial easy axis ( H ϭ), and for the field at an angle between these two orientations ͓/2ϩO(ͱ⑀)Ͻ H ϽϪO(ͱ⑀)͔. The temperature dependences of the decay rate are clearly shown for each case. For the case of large noncompensation, the WKB exponents in the tunnel splitting and the tunneling rate fully agree with the results of ground-state spin tunneling in biaxial FM particles. 8 In the comparison with other more accurate methods ͑e.g., Ref. 31͒, our result gives the exact same expression of the exponential term in the tunneling rate, while could differ by a factor in the preexponential term. Since our major interest in this work is the angulardependent spin tunneling in AFM particles, which is largely determined by the exponential term in the tunnel splitting or the tunneling rate, this correction factor does not change much in front of the exponentially small action term.
One important conclusion is that the tunneling rate and the tunnel splitting at excited levels depend on the orientation of the external magnetic field distinctly. Even a small misalignment of the field with H ϭ/2 and orientations can completely change the results of the tunneling rates. In a wide range of angles the H dependence of the WKB exponent mainly comes from the behavior of the function
. Another interesting conclusion concerns the field strength dependence of the WKB exponent in the tunnel splitting or the tunneling rate. It is found that in a wide range of angles, the ⑀(ϭ1ϪH /H c ) dependence of the WKB exponent is given by ⑀ 5/4 , not ⑀ 3/2 for H ϭ/2, and H ϭ. As a result, we conclude that both the orientation and the strength of the external magnetic field are the controllable parameters for the experimental test of the phenomena of macroscopic quantum tunneling and coherence of the Néel vector between excited levels in single-domain AFM nanoparticles at sufficiently low temperatures. If the experiment is to be performed, there are three control parameters for comparison with theory: the angle of the external magnetic field H , the strength of the field in terms of ⑀, and the temperature T.
A detailed comparison between the theory and experiment on quantum tunneling of magnetization remains a challenging task. In order to avoid the complications due to distributions of particle size and shape, some groups have tried to study the temperature and field dependence of magnetization reversal of individual magnets. Wernsdorfer and co-workers have performed the switching field measurements on individual ferrimagnetic and insulating BaFeCoTiO nanoparticles containing about 10 5 -10 6 spins at very low temperatures ͑0.1-6 K͒.
11 They found that above 0.4 K, the magnetization reversal of these particles is unambiguously described by the Néel-Brown theory of thermal activated rotation of the particle's moment over a well defined anisotropy energy barrier. Below 0.4 K, strong deviations from this model are evidenced which are quantitatively in agreement with the predictions of the MQT theory without dissipation. 7 The BaFeCoTiO nanoparticles have a strong uniaxial magnetocrystalline anisotropy. 11 However, the theoretical results presented here may be useful for checking the general theory in a general AFM systems, in which the magnitude of uncompensation ranges from large ͑FM case͒ to small ͑AFM case͒. The experimental procedures on single-domain FM nanoparticles of Barium ferrite with uniaxial symmetry 11 may be applied to the general AFM systems. Note that the inverse of the WKB exponent in the tunneling rate B Ϫ1 is the magnetic viscosity S at the quantum-tunneling-dominated regime TӶT c studied by magnetic relaxation measurements. 1, 2 Therefore, the spin tunneling phenomena should be checked at any H by magnetic relaxation measurements. Over the past years a lot of experimental and theoretical works were performed on the spin tunneling in molecular Mn 12 -Ac ͑Refs. 1,32͒ and Fe 8 ͑Refs. 2,33͒ clusters having a collective spin state Sϭ10 ͑in this paper Sϭ10 3 -10 5 ). These measurements on molecular clusters with Sϭ10 suggest that quantum phenomena might be observed at larger system sizes with Sӷ1. Further experiments should focus on the level quantization of collective spin states of Sϭ10 2 -10 4 . Finally we discuss briefly the dissipation effect on spin tunneling. For a spin tunneling problem, it is important to consider the discrete level structure. It was quantitatively shown that the phenomenon of MQC depends crucially on the width of the excited levels in the right well. 34 Including the effects of dissipation, the decay rate, in particular, is given by 34, 35, 2 
where ⌬E n is the level splitting, nЈ are the levels in the other well and ⍀ nn Ј is the sum of the linewidths of the nth and nЈth levels caused by the coupling of the system to the environment. For the exact resonance conditions, the temperature dependence of the decay rate is
where the level broadening ⍀ n contains all the details of the coupling between the magnet and its environment. If the width caused by the dissipative coupling sufficiently large, the levels overlap, so that the problem is more or less equivalent to the tunneling into the structureless continuum. In this case, the results obtained in this paper should be changed by including the dissipation. It is noted that the purpose of this paper is to study the spin tunneling at excited levels for single-domain AFM particles in an arbitrarily directed magnetic field at sufficiently low temperatures. Strong dissipation is hardly the case for single-domain magnetic particles, 36 and thereby our results are expected to hold. It has been argued that the decay rate should oscillate on the applied magnetic field depending on the relative magnitude between the width and the level spacing. 2, 5, 24, 34, 37 However, it is not clear, to our knowledge, what should be the effect of finite temperature in the problem of spin tunneling. The full analysis of spin tunneling onto the precession levels remains an open problem.
The theoretical calculations performed in this paper can be extended to the AFM particles with a much more complex structure of magnetocrystalline anisotropy energy, such as trigonal, tetragonal, and hexagonal crystal symmetries. Work along this line is still in progress. We hope that the theoretical results presented in this paper may stimulate more experiments whose aim is observing macroscopic quantum tunneling and coherence in nanometer-scale single-domain antiferromagnets.
